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PREFACE
A Space Shuttle Technology Conference on Flow Fields, Heat Transfer, Aero-
dynamics, and Operational Flight Mechanics was held at the NASA Ames Research
Center on December 15 and 16, 1971- The objective of this conference was to
review the broad base of aerothermodynamics technology developed for the space
shuttle during the period of the Phase B studies and, thereby, help focus
attention on the technology required for further space shuttle development.
This publication is a compilation of the conference papers. It has been divided
into four volumes, one for each of the sessions. Five papers which were omitted
from the oral presentation at the conference are included in this publication.
Contributing organizations include U.S. Aerospace Contractors, Universities,
Canadian and European Space Agencies, in addition to NASA Research Centers/
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SHUTTLE TECHNOLOGY - INTRODUCTORY REMARKS
By A. 0. Tischler
Director of Shuttle Technologies Office, OART
NASA Headquarters, Washington, D.C.
This conference is the third large conference covering the general subject
of aerothermodynamics for the reusable earth-to-orbit transportation system, '
commonly called the "shuttle," and the first to be devoted exclusively to the
aerothermodynamic problems and issues. The first of these conferences, held at
the Lewis Research Center in the summer of 1970, told everyone what.the approach
to shuttle technology work would be. The second, held at the Langley Research •
Center in the late winter of 1971, made the overall plan more substantive and :
provided some results. This conference, hopefully, will disclose much data and
correlations on the shuttle-related aerothermodynamic technology..
Aerodynamics has played an important role in shaping the shuttle concept.
Even before the formation of NASA in 1958, serious thought was being given to
the idea of an aerodynamically controllable entry and return space vehicle. It
was only a matter of technological state of the art that led to the use of blunt
conical semiballistic reentry bodies for Mercury, Gemini, and Apollo. The' work
that sprang out of these early deliberations, which led NASA to the lifting-body
programs, and more importantly, led the U.S. Air Force to sponsor the DynaSoar
project, on which some $i+OOM were spent, along with continuing technology work by
the Flight Dynamics Laboratory at the Wright Patterson Air Force Base, gave a con-
siderable background for flyable reentry vehicles. This work, the improved high-
performance propulsion systems being developed by both NASA and Air Force, and
the improvements in refractory materials resulting from a broad frontal research
attack, laid alongside the high present cost of injecting payloads into space,
paved the way for accepting the idea that the time to start developing a reusable
space vehicle was at hand.
The shuttle vehicle has, however, encountered severe constraints in its
fiscal diet for the early development years. Consequently, a series of vehicle
design and configuration studies have been made to determine a vehicle design
approach which, for a prescribed mission model, will have least cost in terms
of the present value of money. The systems that are the front runners at this
moment have been described by Edward Andrews (paper no. 1.)
It is probably unnecessary to remind anyone here that the changing config-
urational picture has kept the aerodynamics and aerothermodynamics personnel
busy. The importance of understanding the aerodynamic and aerothermal effects
on the flight mechanics and structural integrity of this three-piece vehicle
during a flight spectrum which ranges from Mach 0 to Mach 25 and back to Mach 0
under continually varying pressure and density cannot be minimized. In spite of
the obvious difficulties one advantage is the fact that the shuttle does not
have to be a superior airplane. As long as it can be adequately controlled
through the flight regime without scorching its skin it would appear to meet the
mandatory requirement s.
Back in the summer of 1969 OMSF and OART began a precedent-setting joint
effort to examine and prepare a technological base to support the shuttle. As
most of you know this program has pulled together the talents of the research
and space flight centers of NASA, has vastly improved communications at the
problem-solving level, and tied in not qmly the contractors, but also the
European technologists who are interested in participating in the post-Apollo
endeavors.
The management approach to this program is to solicit and to use the advice
of seven Working Groups. These Working Groups, of which the Group on
Aerothermodynamics chaired by Arthur Henderson of Langley Research Center is
one, comprise representatives of all NASA Centers engaged in the work activity.
They recommend the program content; they are also actively engaged in monitoring
it. This conference represents one of the Working Group information dissemination
functions. I would like here to express my appreciation to Dr. Hans Mark and his
entire team for organizing and hosting this symposium.
Funding for the technology effort, which will total $1JOM by the end of
FY 1972, is derived from both OART and OMSF fund sources. The Aerothermodynamics
total effort during this period will be $l6M, a sum which does not include the
salary expenses of NASA personnel engaged in the work, nor any contractors'
efforts paid under vehicle configuration studies, nor any of the independent
research and development funds which various companies have been persuaded to
invest in the shuttle prospect. 925 NASA personnel are directly involved in this
technology work; the aerothermodynamics effort accounts for nearly one-fourth of
these personnel.
Some of the results of this work have been noteworthy. New test methods
for studying heat-transfer rates and shock flow and impingement have been invented
out of necessity to handle the large volume of work. The program has now used
about 20 000 wind-tunnel hours. This technical progress will be covered here in
much detail in the next 2 days.
With the coming fiscal.year, NASA anticipates moving the shuttle program into
the design and development phase. This change will require a transition of many
of our technology investigations into development support. Because of the
intrinsic need to support closely the shuttle configurational design selections,
it seems likely that this aerodynamic work effort will continue at a high level.
In fact, it is expected that test facilities located in Europe will be used to
relieve the load of work imposed on the U.S. facilities if satisfactory working
relationships can be worked out and it is believed that they will be.
I look forward, along with you, to the development and operation of this
system so vital to a healthy and aggressive space program. I expect that this
conference will be seen in retrospect as a significant contribution to the
development of economical access to the space arena.
FLOW FIELDS SESSION
INTRODUCTION
by
Joseph G. Marvin
NASA Ames Research Center
Vehicle aerodynamics, heating, thermal protection system response,
chemical effects on surface materials, and chemical effects within the
shock layer are a few of the many variables that depend on the flow
field around the Space Shuttle vehicle during its flight through the
atmosphere. A need for flow field calculations arises mainly from the
inability to completely simulate the flight environment in ground-based
facilities. For example, tests performed to simulate the high enthalpies
associated with entry often have the incorrect flow chemistry because of
model scale effects. Therefore, the designer must extrapolate test data by
using the best information about the real flow field. Exact three-
dimensional flow field calculations are now at the threshold of providing
the necessary rationale upon which to base this important extrapolation.
At the last Space Shuttle Technology Conference held at Langley
Field in March 1971, there was only one paper devoted to exact flow
field calculations. In this session there are seven papers, five of
which contain exact methods for computing three-dimensional flow fields.
The remaining two papers treat in an approximate way chemical nonequili-
.brium effects and streamline calculations used as input for heating
estimates. The emphasis on flow fields at this conference developed
mainly from recent technology advances made in exact calculation methods
and in computer storage and speed that is necessary in the practical
application of these methods. The papers were selected in order that
the progress made on shuttle flow field calculations can be judged and
so that future needs can be determined.
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Flow fields over fuselage shapes for Mach
results are presented here.
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S FOR SIMULATED NARC SHUTTLE ORBITER
(Figure 1)
flow field for the NARC space shuttle orbiter included a pointed
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RFACE PRESSURES FOR NARC SHUTTLE ORBITER
(Figure 6)
pressures is shown in figure 6. In this case there is only a
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HA.PE AND SURFACE STREAMLINE PATTERN
(Figure 2)
d over the entire cross section (windward and leeward sides) in
02
 
040
g
 
A
O
 
3
W
 
o
02
 
rH0}OCOcd•dHCU•H<HJjQf—\*H0e
hen the cross flow became supersonic the calculation was cut off
PE-^dox>o^Cj-p<HO•g•HX!•P(^£_jOJJj0<*-t0XJ-p
d attention was focused on the windward part of the wing. AtdOj(UbOcubDd
•H•3cuHo•HH-P0)BocubOcuX!-ps
ed that viscous effects in the leeward side are such that the
-po&XcuCO•H-P•HMCJo3-P-P03^Ho0)HbOdo5CO•HXI-p
rj0Ha^•HCO•Hdo•H-P05HC^JH03CJ•d•HCJCO^Hd^
grees well with the measured one, but this is not considered to03&03
XICOC^JoX!CO-d0-P03HC^JH03o0g
shape is an insensitive characteristic. The data points wereA*CJCOcuCOJ2Jo5CJ0Xi
-PCOcu-P-PdcubOd•H-^pCO05,8
d slight discrepancies with the calculated shock are probably dued03•V
X
Ift03HbOO-P0•ftHHQCOcdS<Hdcu$
-pd$H1•Hg0Hcd•a03COOH£_|0bOd1f_lO-p
obtained with a separate calculation, by integrating the in-0
1CQ£^•Hf—
 jCJ03
-PCO0CJa!CH3CO0e
ge of the velocity vector and the unit vector normal to the surface
"t^HOs
.
^
i
-p•HCJOH0
.
CJ0)<HM3CO•dTHCJCO•H
rvature vector, its projections along and normal to streamlines,£3O0XI-P0-P,-«|£5OrH05CJO-P-Pd•tHCJ<H^3COCO•H
iented curvilinear coordinate system. In addition, the stream-£_(oi0d
•Hcd050JH-PCO03OCJ•H-PCUBXI-P•d§
r the boundary layer, such as the transformed longitudinaloCO
-p£d•HCO0-Po3HCJHo3o0d•H-P320d•HrH
ssibility and edge -property effects) and edge velocity gradient.0^0CJCO0rdH^0•HXICJ•Hc~]^
^
_
^
0-P5*T3£-1ooCJ
of transverse pressure gradients on streamline shape. Near theCO
-po0CH00-p>OCO0!-(^3bO•H0£
at the centerline, all streamlines curve toward the leeward side.COVH0COCO0f-,ft0^)ft0•P0P0XI>•N0CO§
sure ridge near the leading edge, some streamlines are turnedCO1o)CO•H0Hxi-pa0X!Jj*t3COQ)-P00cj|j%
d the centerline.!-,o-P
-d0^j^J-pH0)aBOCD•dd0)"2M0^0H
98
H
 
'
 axvisaaHOoo
 a
viav
n
99
3bO•H•^HQ)jEJQ)-PG•H•d0OOrHcd•H9Q)XI•PCO£jCOrHQ)•d-p-p0rHftCO•HQ)G•HHQJ-PGQ)OQ)XI-Pco3COCOQ)rHQ)O03rH3CO0)
i-PG3HXi
<HOH03o•Hft*^
i
-PCo•HCOaaXg£»o-4_3rdSO•HHCO03X>•d§eOI —
 1
HO
»v
0)COOCQ)XI-PrdG803G0•HCOGaX0)•d•Hft030)XI-pCOO^CO
CO•H
-PGH•H^4ftX(D•do5>>£_foQ)-PGQ)Q)-PQJ-PG0QJ0)bD03Q)EH£30•HCOCO%fte0CJQ)rHG0)o 1Q)COf>CO03rrtG03
s^~
*
to0)•H•d•°•d0)CO0G
H03O1-1rH0)ftCO0)-pG0)0)££-pQ>X>8-^poG^Q)rj-p-p03GO•H-pr~HH•HOCO0-P•HHCOo3COoCOQ)£_l3OrH03O•H-PQ)rHoQ)-P0)C"]&^••pQr^}H0)CJX0)
,^0CO-pHrjCO0)rHH03
•
 
CJ
•Hf^Q)7^jG0)-PG•H•doj3•dG•HCO•HGO•H-PAH•HCJCOOCO•Hrj^H«G•H!*Q)-P00)•d•HCQrH0)-d-p0)H(f-1(UX!-P•d§0)COOG
arj-POG•^o0)X!-P-Pcfl3-PurvaoG•H-^P•H3fl•H•PGOCJCO•H•d0)X!-p
100
o
 
CD
O
 
•
<N
 
cn
II
 
II
wK
 
•>
E3
 
°
K
 
o
o
W
 
i,
W
 
"
«
 
<
cxS
 
o
"
§
 
1
«
 £
s
 gK Sw wo o9 PQP5 <^
<
 
3
-
^
 C
Q
Q55
9
 
<
HH
^
 
W
 
lO
O
^
.^
 f
 O
^Tj
 
JIT
w
 
w
 S
J
 
H
 
^
*^
 
w
 H
S
 ?
 5
Pi
 
^>
s
 <r<
z
o
o
o
<M
KNJ
«
«
WH
oo
OO
CD
 
U
(N
OO
 
OO
A
 
<Vd
 'a
a
n
ssa
nd
 a
o
v
a
a
n
s
101
<H
PM
 
CO
ICO•H
•d
 
-d
S
 
S
3
 
a)
01
 
0)
0CJ010X)+3bOGo030oG03-p010101£0-p-p3fttooS01GO•H-Px>•Hto-PCQSCOca0ft0oa)3CQ
-P
 
CO
COo
G•HrH0-PG0CJO•pG0304^03<U
O-dco-p-pa}0o-pOcoGO•H-P03o-P01030O
 
rH
0bD•d0bD
 
-d
C
 
Q
)
-das0
COCQ
o0bO
 
0o
5
 §
a•HCOSoIo01•H
oJXI01<0X!-PGO-PCJCOCQ0301-pM
CO-pGCOCJCOXI-p-p
 
oi
O
 
-P
(3
 
CD-d
CO
 
rH
bD
 
03
•d
 
-P
co
 
G
CQGO•HSOCDO<HtoCOS•p
G 1•HCO-PGCOOI
T
—
 
M
/
.
 
•§>
 
*
CO
 
-H
 
O
G
 
H
 
-P
•H
COto0)S03CO01CO
bO•dCObOG•H•sCOH(L)X!-pO-PrHCOrHHCO*£_(
toG•H•d0)<uH^Cj-po-pHMF£^oG01•H
g•H£_l
&XCOCOXI-pCO-prrjo£3ooCJ030-p
f^tCOX!-ps0XI>0CO0G0X!-ptooS0G
CO
ca102
03
d/'d
 
'an
n
ssand
 ao
v
an
n
s
d
 
aan
ssaad
103
ENTHALPY PROFILE
(Figure 5)
on of enthalpy across the shock layer at about 13 nose radii from the nose isiH-p43•Hrl-PCO•H
•dcu£^
ions: the centerline and a point near the leading edge. The entropy layer,-pcfloOHo•^pHOG>o43CO
ow-flowing gas that traversed the bow shock near the nose (where the shock isrHCO•y-po434-4oGO•HbD£-4cfl
CJ
•H43-P43CJiCQ•HCU1ftO-PGCUCU43-P-P-PGCUCUCQcu43GcflCJ-pMCUCJCflCHCO%-pcflcuCCU-p030orHCO•H-pCQCUbDGCQ
•H•H1COoGOCD-pO3|CUbDG•rH03X-PrlCflI-P•H•H03HCUCQ8Ooo630S(UG•HHrlCUIscuocu43•p•Pcfl
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ction.cu•H•dTOCU1^-pCOj-3?o•dcu43
f the entropy layer extracts a heavy tax from the computational scheme since,0CUCJG0)COcu1^ftcuEH
the steep gradients in the layer and maintain computational stability, it iscuHoCQcuoJ_jcuJ_loG•H
trate mesh points near the surface. In the present computational scheme thisGcuCJG0CJo-p£_(cflCOCOcuCJcuG
ing" the normal coordinate. Moreover, we have found that a preset stretching43CJ-pcurH-pCO
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variable in the downstream direction) is not sufficient to solve the difficultyHo-pGcfl-PCOCOCJC^D43-P•HCU
rt to a self-adjusting scheme that will regulate the concentration of mesh pointsoCQ0)o-Prd3• Q^£>0343CUS
the calculation. It is emphasized that the difficulty is not just one of*+H0GO•H-P£3O%cubOG•HM-d
CUCQCflCJGcflC•HCQ-POCUCHcuCO0oCO
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he integrity of the whole calculation unless every region of the flow is pro--pbDG•HCQqrHCHOd)flO-P
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e need to change the stretching factor in the meridional direction is not as43EH•dCU>HOCO<Urlr^H1^(Uft
ular in the present scheme where the mesh size is proportional to the shockCJ•H-prlaG•Hr-T03CJ•H-P•H^fCJ
d therefore the mesh is automatically refined at places (such as leading edges)Gcfl^COCQGo^•H43-PC^U^^QjH
CU•H43-PCO
•HtH^
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resentation of the Orbiter fuselage and wings asa0)\4QI
COCOCO3OX!COJJM00•HM-4CO•r-lXiH
te difference method at an altitude of 76.1 Km. This
•r-ic•r-i4-1^*»T>CO014-1COo1CO01Xi4-1J>s
,
^*"O0)N*>>,
r-iCOGCO
CJCO4J4JCO
4-1ocur-l60cCOCCOCOO
X
IQICO0)X!4-1T3CO(-1CO•ot-l0)•r-lir-lCUX!4J0)4-1COt-l3Ut-lCOCJo4-1T30)CO3COCO*"U0X!4-1cu6
) to maintain supersonic flow all along the body. The
0o<
J»>•
0).•rlX!603OCcu[JoI-lCOCO$x:CJ•r-lX!
ch that the shock remained attached to the body and the3COT30)4-1C•r-lOCXCOCO3^-oo
X
IcuXi4-1
4-1O0)COOC
as compared to the subsonic/supersonic 2-D unsteadya
•r-lCOCOJ»l01a3CO£>*
,
r-lCU4-101
iH(X6ouCOCOso1—
 1
4-1
r-lCO3O•Hr>CUJ_Jcx
*ucuCOCO3UCO•rlxiCOXtr-lCU•rl4-4Sor-l4-4
was based on the numerical solution of the finiteCO
•rlCO1^
r-4COCCO
4-1O
•0ox:4-101BOCO01x:H
olic equations that represented the inviscid flow.
x>M0)a"^»rC0)X!4-14-1O60Or-lCOCCOCDuccuH0>4-14-1•rlT3
tion was an explicit one where a marching procedureCO4-13IXU
4-4O0)B0)X!UCOI-lCOCJ•r-l1401B3c01X!H
ordinates was used. The flow calculation progresses0ucuCJCOcxCO0)01r-l
X
!4-10>
Xi4-1
4-1O01CO60Co
I-lCO
next parallel surface whereupon the flow is calculatedcu
Xio4-101CJCO4-1t-l3COi_4CO•r-l4-1•rlC•rlCCOBo4-1
d for computation of the next surface. The procedure01CO30)rlCOCO0>3
r
-lCO•3JQ
l-f
4-4u0>CCUX!4J
•dcCO
nge of interest is covered, which was for our caseCOi-i0)^4
•
rl( 1C010)Xi4Jr-l•rl4-1C3*OCU4-1COcu(XCUS-iCO•rl
er wing or about 1200 cycles beyond a cone calculation4J
•rl
X
)O0)X!4J4-104-1C•H0cx•rfe0)X!4-14-130XICO
accurate cone that approximated the front part of the4-1COoB<u
X!H.CO01iHUCJooCN4-13OXiCO4-1O
.3COSCUX!O4JOinr-ir-i4-1OCUr-460CCOcCO4JCOCO•r-lCOCO4J•rlX!•H01OCJcur-l00cCOI4-1iHrSO.vOCNCOCOCOs0160COr-lCUCO34-1
ical surface was gradually tapered into the fuselagecoCJCO
•rl
X
!H•(U00CO
i
—
 1cuCO301XI4-14-1OCO•rlXCO
(Ud00•rlM-lCcu
X
i4-1
•
rlCU01COCOCO0)COoccu4-1oCO014-1COGO0)OcCO4JCO•rlXIO>e0COGO•rl4JCJ01COCOCOou
138
oo
C
O
 
_
coCM
CO
OO
CMf-
COenCM
CMCM
CO<
COCO
OLLJ
UUJcc0<cUJCOaCOLUCOooUJcsCOLL
.
CCccoaCO
in
 
•
—
•
oo
 
Xooor
CO
caccoo
 
|
,
OO
 
CC
 
U
.
OO
 
u
_
CO
 
<
CD
 
t
-
C
M
C
M
COLLJ
139
X
~
N
cni—
 iOJnDM.,-1fe
^
x
TO
•r-l
4
24-1c•1-1cg0&CO0)!-lCOtoCU>COgXoo42cnT3CCOCOCO•H4JUCUCOCOCOoJ-l0<D00COi— 1cuCO3M-ll-lCU4-1•r-l43SJOQ1CO(U43•Umo<UoC/)
CO0100CCO
43O0>00CO
i
—
 I0)co3«w0)434-1
r-l
•H4-1C3M0)00V-lCO
1-1:>•>
r
-l00c
•HCOCOcuS-luc•r-lcug0u01J2COXuoJSCOg0J30)bOCOt-l0)CO3iw0)4SE-t•a)M300•HM-l
O-aCO^ooCO(UA4JCUB•r-l4JJlO•r-lXgbOC•r-li-iDT30CNOi— 1T3CCOOOOVOCUr-tuE*
.
OC0)0)BcuXIhDO4-1Cou4-1cCO4JCOcOUCO4-1.•i-4O4-1C•H
(UCOOCCOJ34Js0MmCO>-i014-)cue
v£).
1-1CN4Jao43CO^oo1-1o1—
 1cu
!-
<u>
.
0>
,
1
—
 1
J3003OKl4J
<
•
>
>
i-H4-1CCOCJ
•H"4-1
•HC00
•HCOCUCOCOCDuuc•r-l4JOC
COCO•H4J•Hr-l
•r-l4JCp•a!-lCOg4J30COcu>0ecCOa,CO0)
j:4-100cor-lCOcu3^COCOcur-la
.
c•r-l
XCO(Ua0)rCH••acuxuCOCUJ-4COCOg00c•Hg0)rC4-1
•
•aMo42ucu434-1COO^COJ2r-l0)4JCU&r-l4J3O43CO4JCO00C•HgCUJi4JM-lOC0)a.COcu434JM-lOB-2r-CO4->3O43CO
^
 
<
s
 2
:
oo
 
ti
-
er
 
o
C
J
o
COCCLU
 
J2
 
CO
 
CO
|
_
 
C
C
 
C
C
 
D
C
 
tO
in
 
L
U
 
in
 
in
 
C
g
5
 
I
—
 |
_
 
l
_
 
L
U
j=
 
LU
 
LU
 
LU
 
h
-
g
 
S
 
S
 
S
 
^
*
-
 
n
 
•
-
 
"
*
"
CM
 
*
 
C
M
 
«
-
 
1
0
||
 
J^
 
C
O
 
C
O
 
°?
x
 
T
 
ii
 
ii
 
"
~
11
 
^
 
^
>
 
II
x
 
X
 ^
o
 
.
 
-
 
«
.
O
 
Lf>
 
C
M
 C
M
 C
3
«
-
 
c
o
 c
o
 
•
-
 
*
III
 
l||
 
L
1
J
 
L
L
J
 
L
L
J
CM
3Q
-
H00
o
 
E
t
 fe
LU
C
J
 
LU
LU
 
CC
CO
 
LU
u
 
"J
LU
 
t
O
 
Z
LU
 
>
-
CO
 
00LU
CCoQCO
CM
 
«
—
(NOII33Hia-Z)N
oM-lCU60CO
t-lQJCO3
M
-l01
434J
M
-lOB0
4J4JO
43CU43COCOcu3COCO0)}_la01CJc0)J-lcuM-l
M
-l
•r-l
T3<U4J•r-lc•r-lM-l
'O(U4JCOT-lCJ
r
-lCO0cu
43H
5s
-
o*^
~
03S
-
,Q„ —
 ^
c/i(Oo,o.
a
_
•
^\*sCO4->CO4-)CO0)4->COCUe
^^C^/3^^4JCCUCJ0)t-if~!4J•r-lJJT3CUJ_lCO
•
 
aBOCJco^COcuJ-lCO
oo»
f^II
1CJCOCJcuCJccucu
M
-l
M
-l
•r-l
*TJCU
4J
•r-lC
•r-l
M
-l
cuf!H,Co
•r-l
4JCOJ-l*360
•r-l
M
-l
COCJj_jcu4-1
•r-l
^
^4
O60C
•HJ54-1f~!60
•r-lCO4JCO
rHr-lcu
JCJoPicCOO•r-lJ-ld)B
cuCOCU
43H
.
Oin*^IIj-<oM-lCO4->CO73^JCOcu4-10)r*i4J434J•r-l^Co•H4-1COr-lCUJ_|OCJ•aoo60^>r- 1'OcuT^J_JCOp<J)j-isoCOCOco•r-l4JCO
seen
COCO<u60cfl
r
-lQ)CO3
M
-lCU
4J
M
-lOg0
4-1
4JO
43CU43^J60CO
r
-lCOCOCU
4-1
COJ_(60C
•r-l
4-1COa>
43CU4-J3aQCJo4J
^Ocuca30)cugcacuJ-i3cacocu
•a)j-ihn•HM-l4Jc^uccu434-1C
CX
CD
 
CD
 
CD
COCC
COCC
LU_lC9<CO
COLUCO
LUC9LUCOOCLU
COLULT>
*tII8
COocOCOLUOCi
'
 X
6ejs'd/d
COCO
oo^^ud4JCO0)00CO
r-lcuCO3
M-lJj0)4-1
•r-l
43
<
~N
 
O
i-l
 
C
Url
QJ
 
4J
wbo
 
"^^
•r-l
 
O
^
 
c
uT)•HCO^10)
*oc301434J00Co
1
—
 1COCOcu
4JCOS-l00C
•H4-1CO0)PC
01CO01
42H
•
QJM3bO
.,-1W
•i-l
&^jc
•rHCJJ0
43CO0)ViCOCOaCOS-i00OJ_(a4_1ccu
1
—
 13
43S-l3
4-1
r
rjccaVtCOc
••-I6COPHS,HPQ01424-14^3T)0)4-1
 
•
u•H0^1S-la
424-1
•r-l
50)}~lCOa.Bou0)COCOco•H4-13•HS-l4-1CO•r-lTjcuS-l3COCOcuJ_laCO30
•H0^)S-la,0)f*.4-1CO
*o0)COCO01HCO
_f!U
•r-l
r~°
.
^COCO•r-l4JCO
r-l3O
i-lCOu
•ooo00r*>Vi0>^cu[ 1cu
4Jo^•J-t0)4J•l-lnS-l
O00c
•H*>4J
t cj00
•l-lCO4Jca
CJW)0)1"!4JS-l0
U-l
s
•
14-10)cdmoCO4JCO•o4JCO0)4-1ca018
30)
r C
*!
H
•
PL
,
sPQM-lOC0•r-l4-1aou•r-lVI4-101*^»CO•l-lC^OpCO0)H4_)00c•HCO3rjOrH4-1S-lCO.5aCOrHViomco•H4JCOrHCUS-lS-lOU
S-lo
14-101uc•HCO•oo>CO30)S-l0)&COco•H4-J•i-l-ocou4-1COcu4-1COCUa014->ccuf-jur^l
rHCoTO014J
rH3CO01S-lcso
43CO0)^^)3U4-)C01
rH343
4JOC
•oi—
 H304JC•HOaco•l-l4-1
•r-l
COCCO4-1CU
434->j^_jO4JU01
.1—
]
COS-l
4-1
Oocac•H4-1c
•1-1oaCO•r-l
434-14JCOCU
rHU•H430)
r-lCO34-1UCOCU
424J
•
•a0)
430CO0)ViCOCO
oo•
o4-13O
43CO
14_|O
-JXM-lO0)3
rHCOCO
rH•r-l
4-1C3j^3UU0
UJCOLL
.
ocCOccoCOecCOUJocC9
in
CM
/
—
 N
^Or-40)M00•r-l
P
«
00corHCOeCO^100OQ
-
cuCJ§^1cumm•r4*"Ocu4-1•r-lC•r-l<4-l&^•aCO<u4JCOoICOcu4JP*
.
*oCU4JCJ•riT)CUUaCOCUJ^3COCOcuJ_jCuCUOCO
4-1J-l3
CO
ccucuCOCO•i-iCo•r44-1CO
i-lcur-l5-1oCJ
*Oooo
•
a)MWl•H
M
-l
CO
•r-lf*
.
^G•I-lcoCOCUwCOCN•
OM-4OiJ
•*«
^
^4-1COCO4-1CJCUCOCOCOoCJCfl
CUJJ
•Hr QJ_l
000C
•Hu4JH00
•HCO4JCOrv^^3J3CUrt4-1}_)O
M
-lCO
4JCOT34JCOa)•I- 1COcu<^c•^ccoCOc0•rH4JCOr-43Ur-lCOCJaiCOCUrt4JCCUcuBCU
cX!CO4JOCCOco•H4-1CO4JCOl^cu
F
^4JO
rHCOCUICO4JCOOCOCOT)GCOCO•r-l4JCO4JCOCO•HXI4-14Jcoor-l.M-lcu(^BoMM-lT)CUC•r-lCO4JO
O4J3ac•Ho*ocuCO3cu^1cuucuCOcu<-t4_)COCO
rCCJ3COCOco•I-lJ_)COJJCO4JCOCOco•H4-1COr-l3u1-1COucO•i-l4-13XI•I-l}^4JCO•I-l*ocu3COCOCUP-1
m
<uJ-l00
U
-l
4JsCcui)4^n•HG0)CUCOCOCO^cj03COCOCO•r-l4-1COr-l3CJr— 4COCJ00c•r-lCOCUX!
COO.«in
CODC
LLJ
in
 
X
CM«?
 
H
f
-
 
Q
.
O
o
 
<
^
 
z
CO
 
O00
 
^
S
 
o
in
 
o
=
^
 
"
-
LUO<
in
Qa
in
 LU
CNI
 
>
in
 
&
/*%
,
P
*
*
i-H01y00
•HP^4
N
*^
*
section at X/L = 0.45. based onCOCOouCO00co
I-lCOcu*oCOeCOGO•r44JCOr-l3CJr-lCOOCO15o_rtCOcuMSoouM-4CO•r-lX!H
CO4->-3CU4JCO0054-13XIoccuuc•I-lenoo^-II£3J_loM-ICOcu1-13COCOcu1-1acu0ncuucuM-IM-I•H*Ocu4-1•I-lcM-IV^»•aCOcu4-1COpiCOcuXI4-1
OenScCOI-lOM-I4JC•HOaCO4-1•3COOOIIdi^oM-I•oC3OM-ICUX>•ui— H3O0(U00COr-lCUCO3M-I|^cu4->•r-lft^1OcuXI4J<4-4OCU'O•r-lCO<uXI4JCO
ing rate calculation shown4JCOCU
X
Icu
X
i
H
•
T3CUCO3COCO
o0*»oII£jMOM-I•^"^T^OCJto"^ _Q
^
-
*
4-1COCU
H4-1CU7uS-l<c
e data as the data is somewhat
X
I4-1
X
I4J
•HJ
^
C0•I-l4JCOr-lCU1-1S-lOU
T3O000^1
r
-l^4
•i-4CO
M
-ICO
4-1CcuCO0)S-lau
oo^
-
udJ_4oM-I
COCUC•Hr-lCUC
•I-lXICJ0)XICOCU4JCOS-i00
•i-l4JCOcuX!C
•r-lCUCOCOCUMCJC•r-la)00COi-icuXICUo•r-J4Jo^3•
00vOufji-loM-IS-lCUXI00•r-lXI
CO
•r-l
X
!HcuC•r-l
r
-lCU
C•r-l
X
I0cuX!4-1CO(UCOCOcuS-lac•r-lao
T3COCO•r-jcuS-lcu
X
I4-1
X
!003o
X
!4-1Ccuc^u
s
~
\
C
N
r^
-lVl
COCUCM-IOI-lO4JCJCO
M-I
e corner and was observed in
X
I4J
T)S-lCO££O4JO^
I-lM-ICU
X
!4-1
M-IOCO
•r-l
4-1COUcu
1-1cuuCJCO•o•I-laCO1-1cuXI4-1o^Jcu•8CO•r-l
f
CO4-JCOCU
4J
OcnScuXI4J11*8
II—I
X<tLUC9LU093U
.
CC
COooDC
ULUOOoccCJC/}
LUccC9
ooevjCM
Xtocc
CSJ
LUOaa
scdco
 
cr
f
-
 
L
UI
-
LU
o
 
X
co
 
I
—
Q
.
O
0
0
 
<
*
*
*
 
2
.
^
^
 
C
DCO
CO
 
a
;
CO
 
LL
,
aa
CM
 
I
—
CM
 
LU
^™
 
3>
CO
CD
CM
O3S
 z id/rug)
 b
i
 
i
COooS
00CO
f*
.
C
M
CM
(2 IA13/SilV/V\)b
^
^
coi-HOV
l300JVj
N
«
 /
ction werecuCOCOoi-lUQ1
CM01
434->J_lO
M
-l
X
I
r-l0>
•HM-l35
i-iM-l
.
 CUCJccuCUM-l
M-l
•HXI01
•i-l
•5M-lCU434-1M-lOCO4Ji-H3CO0)OlH
BLIMP Program0)43XICCO
^
^
co
m
M-lCU
0
^
•s
,^
/
6CO00oPHCO
••-ICO
r
-lCOEJ-lCUCO^Uo43cn§H0)434-1434-1•H3^10)434JOl00O4JX)01CO3
00c
•r-l3CU4->•r-l43O0)434->EO\ 1ccuB§00c•HCUC••-1C^JoCOcu00CO1-1cuCO3M-l01434-1M-lOCO•I-l4->COCJo1-10>434J4JU•1-1XI0>a04J
ihedralXICO4JCOBO•H\ \CJCOCOCOoCJcu434-1M-lOCUC•Ht-l01C•I-lrfCJ0)4304-)XI0)4=UCO4->4JCOCOCOI?00(3•H3XI0)4JCOr-l-Jg•r-lCO
CUCO
X)cCO00c
•I-l3cu4Jco4-1c•H0exco•I-l4-1CJ01COJ_fa>4-1C•H***CJOf!COCU434JM-lOXIt-lCOO43C•r-lCO4JC•I-l0exJ^•3[•f,•
of^
*
.
M
-40cu1—
 100CCO
airfoils atp
CMXIE30t-lCO
X
ICU
•I-l
M-lUO
r-HM-lCU
43H•COco
•r-l
4JCO
1
-13CJ
r
-lCOCJCUC^OB04-1XICUCO301J-l<uJ5X)J_JCOO434J3O4JCoa
cu4-1
•r4.5M-lCU434-1BOM-l4-13CuC•i-lCOXICUCOCO43BCOS-i00OP-IJ-lOlrVjCO
r
-l
C^J0
43Cflcu
434-1
4^3XI014-1CO
1-130i-HCOUCOCO3CO4JC•1-1Oa0)COcurC4->
direction ofcuCO
'
•r-ll>cCOCUCOcu
434->C
•r-l4^-1
•HCJO
i-HCUUO1-1M-l0)
434-100E
•r-l
4
JCJ01
I-l00cucX)cCOco•1-1CO1^-1COBCOQ1CN01CJBCUc^uM-l
M
-l
•r-l
X
I
B•rlB010)COCUCOgCO00O\4
PHP^sh-JfQCU434J4^3xia)4J3aeoCJCOCOCO01jjCO00B••-14JCO01434_>BCO4JI—
 13COcuJ^cu
43H
•
00c
•1-1301434J
CU
434-1M•CJCOU4JCOM-l001
rH00BCO
0Ovo4-1CO
*
 —
 ^
40•*-*8•O** "CO4-1COXI4-1cu•*"">CJJ-lCOo*gl*434J•H^X)cu^4COaBooCOi— i0)M3.,_{
ns relatingoCOCO0)a0)Bo•I-l4-1CO1-10)^_lJ-loCJ0BM-l0J_(CU434-1•HCU00C•r-lU)3CO4-1CO•HsjjBa>QcucuJ-l00COX)oo004->CO434-1C010>CO
oUts>CJJ3XI01UJ^oa01r^COCOCOcu4JCOJ-l00G
••-14JCOCU430)J-l0)CUCO•i-4Bo>f~ioCOcu4JCO00C•r-l4JCO0)43J-l0)X)B•r-lr-lU^XIcuUCOM-l4-1COr-tM-l g<rXIBCOmenBcucuBcu43O43OCO$_4CO01cxexCO00B•r-l*01434-1BO4JB0)Bcu00B••-IcxB•so^r§CO304301434JM-lOB0••-14-1COUO1-1cu43H
CO
•1-1COr-lCOBCO
1-1CO0•iH4Jcu}>4ocu434-1X)ECOCO4JCOXI
1-1CO4-1E0)B•Hj^cuaXOl434JO43£""t43BsO43COcoCOBCOaCOXI01COoCU0^10)434JM-lO
150
_
 60
OQ
 
CJ
OC
 
OC
o
 <
Z
 U
O
 w
OC<c
 
-
in
 
r
*
in
 
co
E
 
E
O3
 
Oi
<aoacuGO
—
I
 
O
COZa
O
 
"
J
CO
 
C9
00
a
.
00
g
 "OCLUQ.U
o
 o
*
 
_
lDCOCOZLUCO
CM
C
M
151
s
~
^
O**
p-tOJM*HP4
was performed for the 3-D finite
0o^
-
H^4-1COi-l•rHOM-lS-l•HCOCCOj.)OM-lQ)S-l30)OOS-laSHCOrH•rHg•Hca<jj
4-1
M
-lOgCO0)S-l4JCOa34->CO3
O0O1
—
 101
tHU04-1COCO0)3r-lCOf>^4-1J-l01a0J_|a0)
f
!4-100C
•rHCO3^
*
X
I
•orH0)•HM-lJ5O
i-l
M
-l01UCS-l0)
M
-l
M
-l
•HT3
COCO
iHrH01gCOCOcCOaCO014-100co
i-HCOCO01
•H4J•H0o
1-10101XI4-1ca
•rHCO^
rHCOcCOca•rHXI4-1crH•4J3ac
•HcaCO
y**^
0)00T-1Q)00c
•1-1*oCOo>rH00c15
1coU01S-l0)cCOaCO01
X
I
00a0
rHCOca4J•SoaCNrH4J3oXiCOoCOrH^•£COo4-1•a01[JQrHrHCO010^)5ca•rHXCO01_f14-100coiHCO
1 at a = 40 which were obtained
•rHOM-lSH
•rHCOCU
X
I4JCoCO(U4JCOS-l00C
•rH4JCO01
X
!
-o0>4JO•rH""O0)Ou01
X
I
H
•
*
"O01r-lOl
•
rj
•rHCO
e Shock Layer Analysis Program,
X
I4JQ^S-l
M
-lCOCO
•H4-13
X
I
•rH4-1CO
•H•o01S-l3COCO0)S-laco
•a01COCO
X
i*
P
-l
•g
*
Rt-3pqSoM-l
eement resulted with Ames test dataS-l00CO
T3OO00V^H01^
4-1CO
X
I4-101U
•r-l
4Jo«0)M3bOM-lCO
•HXI4-1C
•HCOXICO01SHCO
JlUOXICO0)XI4-J4-1CCO0OIId4JCOrHOJ'OoSS-l014-1•HXIJ-lO00c•H•>4-1XI00•HCOJ-l4JCOCJ"|gcCOSHoM-l^— ^OrH•M-l0)(£*^s
CCOaCO•a01COoa<u0)XIM-lO
g^o
ooCO1r-co4J3OXiCOcaca.uc
•HOa4JCg(U00c•rHa152
COZo<=3O
 o
OQ
 
<
COQC
 
_
LU
 Z
 g
Q
.
occcoC90UJoC/SQCC9UJX
ol-v
COoino
 
<
^
 Q
.
^
 o
o0
 
S
LU
 
o
>
CO
 
3
O
 
2
"
Q
.
 
"
-
C
M
00
153
COQl_l
CO.•J
CJoCJ
y flow field and heating analysisiH4-1ccu01J_(COMH0^*\iHCOE3COCO*T301.!_)c0)CO01i-iCXCO3S-l0)cxcocxCO•rH43
angle of attack. Rarefied flow
4300
•H434-1COiH0)4-J
•H43iHo00C•H34Jft00
•r-lCOi-i4-1CO
•C
JCOcuf"?4-1iHO
M
-l
T3cuoM-lS-l01a
lo Direct Simulation Technique atiHCOO0)4-1CO*g01
43^43T301
.
4JCOrH£JCJ
rHCOO0)iH01300c•rH4-1CO0>43*"OacflCO
•orH01•rHMH
and 3-D steady finite difference&**
13CO014-1COC3OI
CMCOCOcu1334J•H4-1
rHCOiH013OrHiHO
.
COcuT334-J
•rH4J
rHCO4300
•H43
T)CCOCO•UiHcu•1-1MH30rHCUCO3COcfl30)3cr
•rHc43U014J?*"»4-1
•rHCOOCJCO
•1-1r>rHCfl
•rHCJ
•rHMH
•rH4-1iHCfl
CCO434J•i-l3T3CUc•rH43a0CJ-oO434J0)a
tes, Orbiter fuselage cross sectionsCO
rHcx4-1CO
rHM-l
i_|O
MHT3cu4-13CXaoo0)iHcu3COCU4JCOiH00C•H4JCOCU
•
 
43-oCU4JCO•rHCJ0COCOCO
r for a wide variety of free streamcu4J
•rH43iHoCU43MHOCOCO•rH4JCO4-1CCUCO01iHcx01iHQro-oCCO«sCO
rH•HOMHiH•HCO•oCCO
O4J0)co•H4-1CJ01rHMH01iH0)UCOMHi^PM*>>-*»d•*CO
rH01
*
^OaJ_lCOrHU01rHOGftCO(3O
•i-l4-1
•rH
T
3COCJ
aoCJ
rH0)
•HMH3oI—
 1
M
Hc•H4-1S-lCO
r
S4-1
MH0014-1COCflcu
434-104-1
'O014-13
43•rHiH4-1c0op***
*T334-1COCO
•H434-14J
.34-14-1
rHCU
M
-lCOCO34-1
M
flows. The Monte Carlo techniquea33C
•H4JCOCJ
*ocCO•ocu•rHMH0)iHCOiH434-1O43iHOMHCO0)3cr•rHG43CJ014JrHCOCO•rH4JCO4J
in the transition and merged layerCOQrHMH00c•HNP*%
rHCOCCOiH0MHTJO434-1CUacu4-1COiHCJCJCO0)iHOaCO•o0)T3•H0^iHa
ination of free-molecule and
43a0CJCO[>^43•a0)4-1COcu^14JcCUcu
43^OCO43?*•»
rHCO3O•rHCUiHCX43CJ•rH
'433CO<Ua00cuM
were able to treat more accuratelyCO
T3o434JCUacuCJCcuiHcuMHMH•HT30)4-J•HC•HMH0)43HBcacu•rHiHO01434-1a33C•H4-1COU
ed sh6ck waves because of the modified
43CJCO4-1Cfl
*OCcfl
TJ0143CJCO4-1cu13434-1O
43^0C•H43CU
43CO1rHMHa3C•H4-1CoUcu434-1
ce method together with the shockccuiHcu
MHMH•rH*00)4-1•rHC•HMHCU43H•430COOIHaaCO4-1•rHCOooCO•rH^
rHCO
•HCJ
•rHMH
•rH4JiHCO
provide an accurate definition ofo4-1cu
rH43COCOCO3carH•HOMHiH•rHCOjjOMHca•rHcap»^rHCOCca00c•H4-1CO0)43•oCCOiH01COrH
In many cases where experimentalco
•rH60cu$-1CO•H4-1UCOiH0)1 i(3•rHC^JQf*.CO00C•rH3^JCJo43CO3O43iHCU4J•rH43iHO01434-1
t correlation was obtained betweenc0)
rHrHCUUX0)COcuCOCO'OcuaoCOc•H*oCCOT)OO00^0)1—
 1
43CO
rH•HCOCOCOCO3CO4-1COT3
4JCO4J00c•rHMH•HiH01CO3434-Jf\10
4-1
-3rHCO4-1COJa•3iHCUaXCUcu434J•oCCOCO•o0434Jcue00c•H4-1COCU43CCOT3rHCU•HMH3OrHMH0)CO0)434-1
liminary design purposes.0)iHaiH014J•H43S-lo01
rH4-1
4-13
43CO01oCOacoIHoMHcu4-1cocrcu
T3COCOco3CO4JCfl
T
30)434-1
COwoaSFdFdS
i4JrlOacupii—
 iCOC•H[V,
^
•*•
i-lCO•4J0)**•
I_Jft
curlrlO4J4J
^ ~P*
OCCO•^•F*#
»
N4J•r-lCCU600
^
*
»
•
CJ•
!3
*»
CU
I-l1-1cuXicjoPi
1ON
oCMvOrH
•
o2
•
4->aPicaBcu4-1COP**!COP^iHf
KCO•rlCO1-1COcT)
rHCU
•
rl
fT
|
3O1-1F*p*"*l-l4-1CcucuPicui-iu•I-lJ&cu^CUI-l4-14-13C/3cuuCOaCO
rH•r*«
ONrHp*"»
rH3ON•Hft
Oo1oPiCNOO35
«
fciHca3ccagCO"rlcuCODiCU3ir•rlCXIucuHCO•rl4-1COrHrjC•HCO4-1UCU1-1•rlP0rHrlCO0CU4Jc0g«•r-lCO•4_)<u•^•TTJftN4J•HCcu600
rHf^
»
ONrH>>
rH3CMr-l*
O01oPir-lOo1ONOCMvOr-l•Oz•4->a&COcQ)JjCO"^»C/>erfH
~
ft
X
—
y
^J
C
N
00fflN»Xscarl60o}_lP-,CO•Hca?**
rHCOC1-1CU^rl^U^oC^Oftp*\
•aoPQ4-1C3PQiO•rlCocaj-icuai^tPC
^
^
•
*
•
^
•
^Jrx
NCUg00
Op
^
ONrHP**t
CO
goo
ft
CM01OCO
•
CMinCO^-•ops*•4JaPiCO4-1COp>^CO
§H
jjcCUcoa£3ou•r-l4-1rH3<u-^U
M
-loco
•H4J3
i-lO
COJ_4CO
rH•rlg
•r-lCO1ao£2£rt•
g
•
Pi•V
I-lrHCOCCUK^•acCO•
*
•
PH
•
Ed*»
4-14JCU
rH4J1-1CO
PQ
*
r-
.
ivOvO
•
4-1aPi*(XVlo
ocun4-1Oijcu^J"
~TJO4-1CU
g
^
•Hr
l
4-1CO
gr-lCOJ-I
60CU4-1cMCCO"^»
,
0I-l0)^»
 
I*"
-
CO
 
^Dr-H
r^
l
 
X
!
CO
 
U
T3
 
1-1
C
 
CO
3
 
g
0PQ
IH
r
l
 
M
CO
 
M
C•rl
 
4
-1
B
 
r
l
CO
 
CO
rJ
 
P
i
gCOl-l60O
PLI1
£jCOrl60Ol-i
P-c60C
•
rl
4JCO<U35<uuCOl-l3cou•rlgCOC"^»
*T3OJ_jCU
^3^»*•
PC
*
o
ft
i_i<u
iHg•rl<UPBT)cCO•pi•P:*>cCUCOc•l-liH•i-lJS
r^
»
vOONrH•4-1U
oONrt
CNr^
.
rH1CNCMCOCNrHCO•4-1a,
(V{COgO4-»CO"^»
COP^iH*»
^PBOoPB
.
0
CU}_)3
T3cu0OP-cX
•
rj}_|
4JcagrHCOrl60cu4-1CIHrlCU^>COrJr^lCOC30PQI
rHCO3CCOsCO—rlCUCOP»x.
I
—
 1CO•4J0)*\•
P-I•w^i i4J<UrH4-11-1CDPQ
Or^
.
O
N
rHf
CNCM(UC3>-}
r
»
0CM0P"*
.
15•o£5••IJacur;4-1OrlCU^•%
^
,^
o2?p^r-lPQoCO
•HCOCU>
c•rlCO4JOcu
M
-l
[V
]i^
4J
•
rl
COC0)PjjOrJM-lOcacu•rl-a34-1CO
iHCO4-1C<UQ
•Hr
l
CUa,
W~
•
*
•
^3•h-jftN
4-1rlCOPQ•acca•*""
 )•
pi•\
i-H•9•H>
invOON«<
M
•
rH0
n
COu•l-lgcacP*pcacaO'Ocu•HM-lCUrlCOPift
~COs0rHrT|0)
4JCO
rHLL
,
r
rjcu4-1c3
iHPQT)CCOai-iCOCOi^cuos0rHfc.*Ocu•HM-lCUrlCOp^CJ•l-lcOCOrl0)aPB
M
-l0ucu
•rH0^)Pd^ ~ft
60
T3<UrgU
•HCOCOrlcua35
u
•
^
•t
cu
iHrHcuuoPi
oO
N
rHf"!
CJl-lCOsps^rHft
CM1vOiH
.
CMCO^>
•
Op^
.
,
o
•
4-1a,
piCOgcu4JCOCO£2KHriV^*UCO4-14-11
M
-lO1CU
rH60C
4-1COCOCUCO
iH
O0rH1p
.^
^
^
_
mCOoe§oCOIs,rfCO!3f\^cu4J4-1rjr;COcuoCOaCOr^COgcoCO4JCOQCJ•HOCOC»rjOfj<u4JOrlCU^ft•PQ.Ocucur-l
Ops
^
ONrH^rH3i-j»^rHnS*-^BCOvOiH
CM
CO
in
vo
oo
155
s
-
O
J
oO)
-l->+J3.CO)o•oQ
-
l/)
s
_
O)COltoHI
O
1
C•I—-f-><o(U3:o
•r
—
<ac
<oocOJs_OJ
<
^
LO
SL(U
=c•ac<otn•a(U•r-LU§r—
g?0"oc-5a>01+3•*-»3r^LOtOa
.
C
3
-a(Uc:<DVI
>rtj
O
.
s
_
s
.
n>
a
.
156
wEHEHDS3CO
CO
PH
 
&
O
 O
fe
 HEH
2
 <
O
 EH
H
 D
C
_j
 
Q
.
.D
 S
rH
 
O
O
 
UQ
PH
 
1-1
w
 w
EH
 H
rtjEH
 
5
CO
 O
•
 d
0
 0
d
 
-H
H
 C
Q•H
»
.
 
^
^1
 
"rH
d
 Q
ft
 
CQ
g
 g
O
 
QJ
 CO
O
 
-P
 rd
•H
 
CQ
 X
t-H
1
 
CQ
 >i
 
QJ
O
 
CO
 EH
:»
 
•
 •*
pq
 PH
 d
 
Q
J
 
-
o
 o
 d
•
 
rl
 
Id
 O
CJ
 
nJ
 
ftnJ
O
 
CQ
 CQ
QJ
 O
 
3
H
 
r
l
 O
W
 
QJ
 S3
<C
VH0)-PdQJU-P
43
 
MH
 CQ
0
 
rd
 id
•rH
 
rl
 
X
M
 
O
 QJ
•d
 
QJ
 EH
•d
 
O
 O
d
 
O
 rd
 
-
id
 o
 ft
 d
CO
 
O-p
Q
 
T3
 CQ
QJ
 
3
•
 d
 O
&
 
d
 S
3
id
>HPH<]
s§J3CO
CO
 
fa
ouCOH
QJQJ
dO-p
y
,
 CQ
O
 
3
O
 O
rH
 
S
3
CO&
d•H£0rHMHCO3OUCQ•r(>QJ43•pCQQJ-PrdrHrjOrHrdU•Prd43-PQJM'd0)ooHftrHrdO-rH}_|(1)3d-Pda)•dQJftQ)i0)g•H-Pr^
•dQJ•HrHftrddQJ(UQCQrd<-;-PH•'dQJorHQ)£»CD•dg0)QJ43COrdrjQJCQOda)rH-p-P43COQJr]nJT)dOVHrdVH0)rdrHyOoCQQJ-P
-P43tP•rl
rHMH0)rH-P-P343CQQJ43-Pd•H'd0)M(U4Jd3OUdQJ0)43t>1idg-Prd43 
•
.pCOdo•H-p•rH•ddoogrdQJVH-PCQ1QJQJrH4-40)43-PO-P
rH(U43-P043-P•rH£-pd(UQJa)rHtnrd^1Jl^o-pordmCQ•H-PrdCQd•H•ddrd-pd0)•rlo•r|M-lMHQJQJ430•P73d3OMH•ddrd^1VHo4JoQJ•nrdj_i•P
13OMH-PdQJCQQJrlftQJ43-P43-P-HS'dOJ4Jrd•HOOCOCQidCQQJj_lrj-PrdQ)MH0EH•CQQ)3tr 1•HdoQJ-P>-,
"didQJ-PCQd3T5dK>1
T3idQJ-PCQ
-p-p43-PCO-H-PCQrl•HMHQJEH•CQdo•H•PrdO•HrHftftrdrH3MHCOCQQJUO3CQCQ-P•rlVHOMHQ)rHQ•HCQdoftCQQJrlQJrlrddo•H•prdrH
QJ43-P-Prd43_pCO•HTfdooQJCQQJ{~\-P...VHQJ>ird
rHo^043CQQJi r*l
•Pd-H43•P•H^QJrrjrdgCO•Hd0-H•Prd-P3ft0OTlrHQJ•HMHjj0rHMH
d-rHCQ-Pd•H0ft43CQQJgQJrlOg^1rHQJ1 \Tjdo•rH•Prl0OrlftCQQJOidrHftdo•HtnQJrlrHrddO-Prd-P3ftgOUQJ43-PMHOtnd•Hftftidg
tative
-HrHrd3O
•
do-rHO
>
Q)rlrHrddO•rH-Pid-p3ftBoCnd•Hd•HrdgQ)rlQJ43-Pd•Hdrd43-PHrHrd[5QJ43-PMHO^1-P-Hd•rlO•HQJ43-P
d0-rH-PU•HrlMHd•HAJCO•ddrdrlQJMHCQdrdrl_p-PrdQJ43rHrd-PdQJg•HrlQJftX43-P•H^•dQJd-Hid-P430OCQrHrdCQ•rH-PdQJQJQJrlCT>id
CQ•rl
4JftQJUd0orlQJ>1rdrH>1rlrd'dd3043d•H43-PQJ43-P-Pd•HOft430•rH43•Prd«
.
ooomII8QJrH0CQ
-PdQJ-HO•rHMHQJOO
•
 *
.
>
i
VH-PQJgOQJtnQ
 
"
CMrdM0MHT3QJftOrHQJ>QJ'di^rH-PdQJCQQJrlftCQ•HQJrl3'dQJooVHftCQ-H43EH•'d•HrHrd>rlQJDId0
rH0d
•dQJCO3MH•rHQJ(0rdOXUrd-P-PrdIMHO1QJrHtndrddidVH0)'d•HCQdooo-PT3Q)•HMH•H'dogs>i
rH•H•didQJQJ43dido-p•H^MQJ>QJO43
157
Page intentionally left blank 
S
 
O
0)
 
m
-Pen
 
*d
>i
 
O
J
CO
 
CO
00orHrH
.
U2ID0)45-Pfiid0)4JQJtnHidrHtd4J•Hco•H-POc
0)rdCO-PCO00
S
 
.8
O
 
EH
Q)4JCOidm-dcid
0)-Pc<uo-PmidMu(Uu(daw>cfi(d0)
GOO
 
-P
!H<DtdOG-H
tdoMcunJ
-P
 
OX!
idM
 
ro
O
 
<IJM4JCO
COflO•H-P
 
V
•HTl
 
r4
fl
 
O
O
 
M
H
O
CO
Q)
 
<U
U
>
 
rH
•d
 
-H
•
 
(U
 
4H
—
 
O
U
 
(U
 
H
CU
 
0)
c
 
>i
•H
 
td
0)
 
>i
-P
 
M
Q)
 
id
T3
 
*dc
•H
 
-H
H
 
-P
MH
 
-HC
<U
 
-H
•dd-p
 
-d
•H
 
-
rl
-p
 
>
rH
 
O 0)
-P-H
O
-
 
c
o
-P
 
H
45
 
fd
•HrH
m
 
mQ)4J•H-prHtd
Q)Q)
•
 
en
£
 
O
tn
 
c
Hd
 
Q
)C-H
COCO•H-P
•drH(U•Hm
o•H£OenM0)en•PMtd-Pen
(U
O
 
Q)
-P
 
'd
fi•H
(0
O
 
O
rH
 
-P
Cmen(5O•H•PidrH3O
•doena)ide
CO
•dc<d
o
C
 
-H
o
 
-P!oo•HCOenM(Uen
g
 
4
,
rH
 
C0)
a
 
m
o
 
cu
 
o
1
o
 
-P
 
cu
Q)
en
&
 
s
§
 
M
U
 
J-lo
(U
 
MH
-P
 
Co••H
C
 
-P
•H
 
3
M
 
O
(U
 
CO<U-PMid-PCOtdcu'd•H>oMa
159
OPMENT
rH
1
WwQ
 
H
3
 
Q
J
o
 
bEn
EH
 
-H
D
 
Fq
OCOKWEHrtjEHCO
heed Electronics Company, Inc.,y0oTJGrdj_iCU-pGCUO-Pmrd^i0CUordexCOTJ0)CGrdgf£CO2CUx;EH
ow field development for the
rHmrHrdGO•H-Prd-P3i 4oUG-rlCU•H-POrdCCUCUXICUrdX!GO_pCO3OK-Prd
1CU•H-PCUx:-PenG•HCO3GOTJCU-P•PGCUOG00GCUCUX3COrdr^-Pj_lO1 1 1ll 1CUCO-HXIEH•COrHrdCUCN\^rH1CN-PCOrdex
CUXi-PC0CUCOrd
X
!CO
TSrHCU
•HMH0HCU-Po
,
eo0o-pCUtJ 1-rlGx:UCU-pCUUGCUMCUMH4H• HTJ1CU-p•HG-H14-1-PGCUTJGCUCU
1 technique have included therdo
•Hj_iCUg3GCUxi-pmoCOGo-H-prdO•rlrHexf£•t>1oCUXI-pg3rjG•rH-PGOO
1 nonequilibrium air in therdo
-HeCUXiOTJGg3-HrlQ•HrH-HrjD 1CU
TJGrdCOrdtnHrdCU•HwTJ-HUCO-HG^•H
X
!-POX)GrdOrd-P.-Prd«HOCUi-HtnGrdGrd-PrdcurHrjTJ0TJGrdgg0OOrHrH0i^jCUX!-PTJGrjOrHrdrHCU^1rd
rHO^0X!CO
a shuttle orbiter wing andrHomCOCo•H-PrdrHrj0
rHrdo|5OrHinCOrj0UCO-rl!>TJGidTJ•HOCO• rlG^-HCUXi-P
er and the laminar wake werej>-irdrHyOoxiCOCUx:Go•rH-PrdrHrjg>_)0mCOrjOoCO-H>0)Xi-PGH•CUCOoG
ion problem. Since the com--PrdMrdp.CUCO10H«4HCUX!-PCUN£X|
HrdGrdO-PrlCUTJ!H0G•HTJCUMCUTJ-HCOC0U
COrdX!TJOX!-PG
r-HX!rd
TJGOrHrdTJrHCU•Hm|5OrHmcu-PQ)rHexeo0CUXi-pCOCU-prdrHrj0rHrdU4JrdXi•PCUTJOOrHCU-prjex
iCO•HTJCO•HX!-PC•HTJrHCU•HmorHrHCUrdrHy00X!COCUX)-pCOCOCUrl-pCOrHrH•H|5CUvTJCU-P(UrHexg00GCUCUX!-POG
s starter solution could be3ooCO
-Hj>rdmo-PGCUeexoHCU£•CUTJV_|3O-Prdx:•PCU-pos.GO-HCOCO3U
cuted at the NASA Ames ResearchcuXCUtnGCU
X
!|5OGGrdHexcuX!-p_£j•p-H5GO•H-pUrj•)—
 I
GOoG-rlTJCUCO3
H
COGO•H-P3rHOCOTJ-rl0CO
-H£>G-Hm0t>1r-l0tnCU
-PrdOCU5J_lCUTJG3S_iCU-pGCU0
160
ou
.
coCO>
Z
 £
 
c
o
 2
<
 0
 
<
 
*
15
 £
 
O
 CD
LU
 
O
 
j
 
J
£
 O
 <
 5
<
u
 
g
 O
ocs
CO<o
oCO
OCO>
CO
Z
 
-
o<5
OO
o
 
<
U
 
L
UO
lo
 
<
co
 
O
O
 
<
<
 
<
 
5
 
<
 
<
y
 
o
 
co
 3
 
°f
£
 
2
 
-
 
°
 S
=
 
<
 
^
 
C
O
 
—
S
 S
 o
 £
 
z
C
O
 
—
 
L
JU
 
O
 
U
_
OCM
OCO
161
IELD DESCRIPTION
(Figure 2)
d computation at the leeward side of the
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with the vast surface area in the leeward'd(U-Pid-HuoCOentdgcurHX!05-1ftC7>£•H-PidcuX!o-Hgrdc"d
diction problem at high attitude. With thecuMQjpJcuxi•penidiHHCU^enid£j0•HCncufe0•HM-l
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d the laminar near wake that can bepiidj_icuidrHyOoXienCUxi•PO-P£•H*dcu•d•H^ •rH"dcuX!
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m of a small subsonic nose region. Therdcu^i-Penr;gO•dU•Hcoenj_icuften!>irHCUH-)10C•HgOT!CUft
s primary applications in three areas. Itmxipjo-rH-PrdrHJj0•HfdurHcu1^fdrHyu0Xienen3OUen•H>
inviscid supersonic solution since thecu
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SPACE SHUTTLE TRAJECTORY
(Figure 3)
f analyzing the viscous shock layer can be seen in thiso0)ocrd•PMOp.g•HCUr;EH
velocity-altitude curves for a typical shuttle trajectoryQ)4JinSOX!CO-PMft0)H§)•H
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wFIELDFLOW•J
WPO2s«8?A&«!rtPHOTOG2W«Hi— <^EUw
huttle test shapes,COcu
£g
assure
hp
-measure surfaceo•MCO3CUB't-iCUs-CUM-IoCOCU•I-l!HCUCOCU£,s
test conditions arecu454->mOO1aoM^-lrnThe photograph:•rtcuA!n)-MOCO1—4n!cu!HCU>>CO45anlhGOO4->Or!lieren pi45ow
rtat1*£o4345GO•Hn)h-i->COT3rtatat•4->i— ICUT3T3CU^"^i — i43CU45-M(UhatT3cu15f-l-l->CO1• iHCOcuCOnlCJcu45EHcuh3GO•!-lmCO45-t->.srto^45CO
CU
S3crcuMntcuOn)mM3CO"0hat£•5rt• iH^<u454->MCUOCOcu%45COXo5COcu£GO.3$raJacuTJT3
o
 
3)
0
 
"8
^
 
§
"S
 
2
•^
 
A
OJ
 
^
<+H
 
"
Ocui—
 iGOrtnl
ns described lateroalculatio£o
1
—
 1
•4-1ai the nonequilibrivA•OO-*II*T3pjntoOCNJII*!HOm-4->45GO•Hn)IH4->CO
CO• I-l
45-i->T)rtnt«O• 1-4GOCU!H£O
i
—
 i
m
iniform;->ntcu
435s nose is assumedv45-(->VHOan)cu(-1-(->COrt$0T3£01 — 1M-lcu45•4-*hcuaataCU454-1a•r-4
.
<u•)-»atS-l3Oun!<Unr*-tO+•>COMatcu£(in!umptionCOCOnl
CU45-i->1545+->COCU-t->0}o• iHT3.scuMCU45rt$O45COLeren photographsi— i45UCOO1cu£S-l0!5Oarisaaoucu45H
i of attack. BothCO^™JGO9CO•I-l454J^Omcu(3,0)45CO!^OO45COCU45+Jti• iHT3CUIs reflectCOcu&45CO>»TtO43CU454Jrterence i"+-Ivi• iHT3
>w begins to affectocross f]cua-t->n)5sure data indicateCOcuMacu5'UrtnlCO45aatVlGOO4->O45aaSchlierecu45•»->
cu
45-(->o0vO^^oO•*II«of symmetry atcurt0)
i
—
 iaT3^Hn)1•Sc^u£rt• r-l£oH-linviscidCU454->
enterline pressureundward• |H£cu
45-i->Opronounced. Alsis moreCOcuaat
45COXuo45COcu£rterence i>+H<+H•HTJ
O43145GO
•i-intt-i+->COcu
45-i->i-iO"+H>>1—4TJ• iH8-SHi moretncurnpressure decreaicu5• *t>.T)O43CU45-i->Vi0cuCOat43cu45•4->T)tln)£O4->COa^tocuT3
3 sure distributionsCDvhC^CU.3I— 1centeiT3hhapes and windwaCOMuo45COcu£oONV-lOO^rt4->-t->n!m0CUI— 1GOrtn!rtnl3
•
COcuct
45CO£o43O1cuCOcu£fnOM-HcuanlCOcu£>*I— 1M0)curtcuf-t0)
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WARD SIDE CENTERLINE PRESSURE DISTRIBUTIONS
FOR BLUNTED-DELTA SHAPE
(Figs. 6 and 7)
Q%K
^
^
urfaceCOstudy of the hypersonic flow over blunted slender cones theCO2O
•
 H>COrHaccj*H£
£o1—4mCOX!"^*i\L was found to be insensitive to nonequilibrium effects. SinceHo•rH-t->3XI•i-4f-l1 %CO3CD;_,sCOCOCOfna
CDaOoatCD^lane of symmetry of the blunted-delta wing should be much lia
13>H<d1a• rt$CDrjr^H+->00aoI—
 1
cd
distri-co>een used in the present study to scale the measured pressur<
4JCQcdJHr^*4->i—
 12
CO0)f"lCO
•rH
X
I-p0^EH
ion pressure%itions. The data were normalized by the tunnel-model stagn
13aoo_!_}
•a• rHi—
 1
<
+Ho-l->CQao•i-4•3XI
CO5mOCO3the flight vehicle were obtained by using the appropriate vaLa0COCOf-i3COCOCOrHaCDXl+•>T3acd
CD
-Ba/i
 \The initial portion of the pressure distribution, i. e. betwee.CDinSCOCQCDMcxao• H4-»<da00cd-pCO
r
—
 (<dCDTJ• rHmO:he first data point, was taken from a composite correlation•«-•
T33a•rHOaao•Hsa00CtJ•(->CO
£o£CDrj5nonequilibrium flow calculations, and experimental data for
-oacdgrH.3Mx>•1-1!—
 4r<
E
<
C
7
1
CD
•
t
CQcdbo
CDrHCO
X!£4->ited bodies. The stagnation point was assumed to be the poinBdXI^ i— ii— icdy• iH1^CO_H1^4a-COrHCOO
M
HOormal to the free stream direction. A full scale body lengthaCO•!-*CDu0)MHrH0CO>>
T3OXICDJHi^H-r->
O
13CDCOSCOOS•>PS"HHomr-HgvOtn't
co:ace pressure distributions which were used in the streamtub
M-I«.M3CQ>^T)OXICOX!HL *
XI-u• H*rHCOX!•<->CO00o-r->CQCDrH=i00•1-4mOI* coaCO$a• rHa0X!COCOrHcdOO-*IIaT3acdoO00IItfrHOmCOfHrHo•rH4JId"3u13o
CD•sm0rH(Ui on which they are based. Here and throughout the remaindi^MJ_>idTJr™Icd•scoa• rHrHcoitCDCD^H-r->
ao•rHtda00istance along the surface streamline, measured from the sta
13CQCD+j0aCD13o-r
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COH
^
f-4NONEQUILIBRIUM FLOW CALCULATIO
(Fig. 10)
EQUILIBRIUM AND
Bo43h£Long selected streamlines have been madeCalculations of the flow al
41o•H41£•8hemical reactions. The trajectory pointsquilibrium and nonequilibrium cCO
bodoF—
 1
nJ<uTtct)a
-
 
aCDin the table below. Calculations have beialculations were done are listedo
»*/
B•§n)14CO£>NCL
,
;reamline about in the middle of the entro]tie body surface streamline, a s14->
The influence• asses through the limiting oblique shock.uter streamline, or that which po
nose radius are also demonstrated.
T
l3XOn$£etf<+-!O<01—
 1bodOj
.sCOcobfldnJ41U>+H0
CDCQO41+->fn£COa>>•)->-l->dCOrHCOmm•iHTtretm0COMnJa.3M43•iHr— 4• H3o<COr— 1n)o•r-tThe departure from chem
CO
•M•4->n)£h*CO>>n)ir the outer streamlines. In the entropy 1treamlines near the body than fcCO
al equilibriumobody surface, the flow approaches chemiilong those streamlines near the«J
CO£>+HOdo•iHCQd0)departs from equilibrium in the rapid expi the stagnation region and then•1-1
41O1>>t-iCO>Along the outer streamlines, the flow is>sTtO43CO41+•>m0coCOOdCOBT3dgf-in)|M-l
ihrough the•*-•dcoIS]ot-tm>^i— ii — i0)o0)41(JCO• r-l£O&<D41HaCO>nJ£A!CJOLke the relaxing flow behind a shr— 1
co41•MMn)codCQJ[-1equilibrium over the entire body length.hock wave and then approaches <CQ
.
 
CO41•(->COfljdo• H13d•H1OoCOIHmOCO4->nJnHCOBd•i-<ben)i — inJCO• iHa.3Mai— i• r-ldC7<coody surface the departure from43
re)CO• HCDFH(0(Hf»Hj *CQCD.ai— *an)coM4->COrHco?o 
•
CD4)4->bOdoi —
 irdcoi —
 i
•
 H41£-^Td•i-ioaLow expands from the stagnation<«
ag in the dissociation rate.i— i
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coWSrHH^«DY SURFACE ST
(Fig. 11)
OCQOZOJ<<OJE-H
CO
.21—1acdCOf-i4-*COCOOcd• j ito3CO>,T3OXI(0Xl[ %DOdoi— icd£oi — imCOXI4-»I-l0•+HCOTJcdadCOcoXICOcdX!COdO•1-1Idi—43CJr- 1cdueveralco
co4J
•t
4-1
<4-4
r
*
OlO«
 1
CM0OoCMmoCODO3toCOTJ5•1-44Ji— 1cdcoX!4->d1—
 I
i0P-
.
PIo••-I13dDOcd4->COiumtoai—4'3crCOd<Tlfrom ;GOd•H4-1tocd4->CO
£oXIHO*4HOTJdcd•»*7£-4CM
S•
-HO
rH
*
'dis composed maiCOCOd• i-li— 1acdCOto4-1COCOUcd<+-!to3COT^3OX!(0XI4->DOdo1 — 1cd£oEH
COXI4->d••-IbocdCOXI
"4->CO
•
 H4-1OCO
"+H
mCOrium
a•
—
 i• H•j&he principal noneHio£a.2toA•H, —
 i
•
 HScr0dopjT3sa^• HkXl•Hi— 1•r-lStf0
>
>
i—
l
r
-lrj
£CO
•
 r-1
dfl)U/DO•v^o^0XlH#do•r-iDJO0rH0COod0i5dCOT3drd8 10o^rH4—10rj5COrdd0•H4Jrd.aXIcom0toao4-1rdd0bfioto4->•Hd
CO0• rH(J0aCOT3drd•t4^velociO^^sCOp|0Tlw0*ion in temperatui4->cd•r4tocd>0
AH
o
OCOCOd•I-Iflja0toi-rjdrdT3013•rHu0COCO•HT3
t^oO4->CJ0•l*"~lcdrH
4-10r!
r*
—
 (
4Jto&£0r—40XJCO0M1-jDO
•
 H
m
illustrated in the0tocd0d• tHi— 1acd0to4->CO0XI4->bod0"idationsto4-1d0CJdou
a(MCM
•
r
-
 1
II
*
*
toomTJdcdHoooo"oCM1vOo0ovQII^C^O(X*-Hooo•VvQr— (OcoCO1?,Mr-r-000•*no^P4->.aop-
4->OCO<HCOa2•Htoa1—1• iHthe nonequmOcoirect consequencTJcdCO•rHdo•1-44->dXI•Hto4->CO• HT>COp3cdtoCOa-aco4->CO,cjH
i
—
 iCO
X
!
X
ICJsaCO1—
 1
"cd\\i
IH
mperature<o4-15inequilibrium f lo-cidCO
X
I
t-loco"cdtodO•1-14-1rdd•i-HXIaou<UMao4->cd120X!•4"^do
d0• H4->cdd••-iX!aoCJcotoa04Jcdd0DOoH4->• Hdgion because the0to0COOd0XI4->d•i-i0to34->cdto0aa04->iumtoXl•Hr— 4• HD^ 100XI4-»
aoCO•*0OrdmH3COto0£cd4-Jcd£0XI+Jdorly uniform flow•Hcdm0•ad•r-td"0X!EHd0NotomCO0aoCJ0ndo•1-14->Ocd0to
3•1-1ton
r
±
*
•1-4
1—
4
100XI
•^
approaches0toSibrium temper ati— i•HSCT
1
0do0£^drd0CJcd"E
-
CO0Xcd4->do•iH4Jrdd•i-lXIaoCJ0i-i
CO
•i-i•^>O
1—1
M
-l
0X!4->
T3gradual anCO
•
 •H
X
Ithat this approac0o
•
 H4->O
^7<-l9
T^
3OXI0rjrS>*-lO0tordX!05T3hcd0^4J0rj1
>
N
4->
•
 HUOi—l
0>T333 on density4->CJ0(Honequilibrium efd0XIHa>NT3OX!0to•gM003to0>0d0tslOtoM-l4JCOOa'cd
9
04->cdto$oG|^^HCOCOcd0XI4->do4->CJ0m* j i001—4t!•Hi— 1>
-
to0>CO•rH0to0X!4->IdX!4->.HrGCJsCOd0•H4->CJ0to£0Xi+Jpj•!-413drd± tADO•HCO0Hcd
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cu
<0
CO
2OtoEHOWhfcW^
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SO« H
H
Q
h
d
wOF NONEQU]
STREAMLIN
(Fig. 12)
R I AT ION
EiE BODY
<
H
^rtoEHUWID<«H
15O1—4mLib rium
•
 rl
g
<
CUflofl"Sflriad• rlrl5r-lUcucu£rlOmT30)1-p•8CUhCU£COflo1r-lo(0"riy• tHrlCUjjd3
0
°
1—1«*.nOJU•Hh•4-10CUr-l•8-Pcu415-3.a«5• rlGOCO4->.atrajectory pocucurl3cu£rlOmCOCU•SIricuh-pCO>NtJO420)41•MGOflOr-iri
<4HOradiuscuCO0fl;>,
•T3O42riTJElri
oOCMm0r«Uri•P15<4-lOcuy.^GJOariarirlomCUrlOT3CUhCUg*^COflO•rl15i— 1=1O1-1ri0CUCOcu41H
o•P.aoaJXrlO•pUcu•1—
 1
rifn•pCUflOaorlV4CO•POcu^uilibrium effcufloflcu41•p"+H0flO•rl•Pvariacu41H*£•*aCMCMor—l
CUrl
1
temper;cu
41-(->•kCOao
•
 rl
•4
^
rir—ldU
"rium0[n this serieseTJfl3%ri£rlCU41•4-Jrirlcu4>rlGOCUTiwmoCUrjOCO•1-1•KXVfl
CUf^lbetweecuoflcurlCUm<«•rlTJcu5o03T3flrii— i, — iGO•i-thfl•Hfl£o41CO•841-4-1O-Prlrtr-i•rl1COI— 1I— 1riCUrlriCOflo•rl342•Hh•pCO•HT)
T)OOGOriCO
*1^T3O42cu41-pmOcuCOri42CU41peratures at 1acu•p£Oc!•Hrl5r-l•HdcrcufloflT3Sarj• Hrl42•Hi—4•rl&CU
mlinericurl•PCO^
T3O42fl\W41+3flOflO•rl-PUricut-ii—
 irium chemicaLonequilib>-i
<
«o•pocum"+HCU(U41-l->mOflO•^15•pflCUCOCUhP
-
<Url
M0*+4CUt—
 1
•3-Pcu41•4-Jfl•iHrr-«Wcu^jCO•Hr— 4CUrlriCOcurl1these temper•t>NI— IGO.aT3rlooo<otions•rlT3rioucu03curj;{3rlO<+Hfet^O&
43•PflCUcu1(U42CUUflCUrlCUmMH•rlT3cu41HcuT3riaalations were•^CJ1— 1rio41O•rl41$15CO.pfl• rlOa>*rlo•pCJcu•1-1rirl•pcucurl^ -4_>cur!HH•P
COcu
4100
•
 Hf-\
41cu
"
T35• rl+Jri•PCOcu4100•Hr!r^-tCU^15•pCO' CU15CUhGOCO•HCQCU^stemperal• rlrl51—4•HS0*cuflOflT3flriarj.3rl42• rli— 1•rldc^u
•
 H>
*
&0rlCUflcu-(->CQOCU£•4-*TJflricurlcu3-PCOCU-priciation is greOCOCO•HTJflCUGOOrl'ICU3CUCOdriOCU/•*4-*•g•5oP-r^•PCJOi— iCU>
•
cuCOri(JCQ1rlOmositioni0I— 1riCJ• HaCU41O.ariwoNO£4(4-1
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TER STREAMLINES
g. 13)
FLOW ALONG OU
(Fi
oICO• 1-1"o>•1-48i—4m60.3in the blunted- delta wThe flow along the outer streamlines
strong shock waves
TJrt•HACDJ2£Oa00.3•MOn)CDhCD,£MCD"ct)0oCOCDO 1i-4Oan)1CDOCDJ-H
i made to investigateVt-tCDseveral calculations wwas extensively reviewed in Ref. 7. There s
COoCDn)cj
-
co"fljaiVH0oc.3artaCDrto•1-1•u•Hscaling and distances to equilibrium. In add
MCDCD-2COCOCDf-tquite accurate. Theto approximate wedge flows was shown to be
hind such equivalentCDO
CJ-MoCOaCD.3CDUCDCDf^}T31 —
 1
O"nJCDrt•H1—4a• rHua>
oi•HM5f—
 1
•
 H3D
1
COCDU9es of interest the distnormal shocks. At the velocities and altitud
00.3• 1-4i— 1<oti•1-4ahCD(111*CDi— I00aooCO4)oObe considerable. For an angle of attack of 2
oCDif\CD£O•tJ3• rJOfrom one trajectory pipressure ratio is about 25° and varies little
.ow, is essentially53
.0)nt pressure streamlinbehind this wave, computed here as a consta:
or-4avO
•
m'o<ouimperature at a distanfrozen over the length of the orbiter. The te
TOCDo9O
r-l<0
zCD• 1-1CO•a• HOInOOCD"—
 i
n)CDCDoao^COCO• HCDCtJOOCOCDaO
<
a
Ot—
 imCOn)i—
 in)CD•HtinJthe flow is essentiallyaltitude of interest here, it can be seen that
a8a• HJ-l• H& UCDCDdifference between ththe highest velocity and highest altitude, the
ines this discrepancy
i-HCDh-(->COMCD••->3OCD300r!o3equilibrium flow temperature is significant.
formation while theCD
2Xo0•
 HMSrt1dCD•t->0)MtiO• His due mainly to a lag in the oxygen dis social
nitrogen remains virtually undissociated.
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£oi—
 iMHCUxi-t->13tin)XJ^icuXI4^cu£(S•COn•HT3cd!HCUCOOPi>*T3OX!cuXI4->•^nd is not influenced b>cdcu>>rcd£1Xlcu5aohm
nose^ocu
r
—
 1
cdU0)>NT3OX!P!• iHCOcu00Pin)XI!^XiT>CU4->OCUM-lm 
•
cdcut-icdhCU>>ni
i
 —
 i>
.
(XOfc3cucu£Pi• 1-1COcu•Si — ialong the stream
-t->cdcuIdt-icu(Hr*H•4-1COcu00pjcdXIuCOS•i-iT3nJt-i<oVIoa>*T3OXiPi•i-iCU00Picdxlesent framework, a ct-iambluntness. In th<
cu>ressui)-LiCO
•
 H£<+-(OCU
IdfnCUX!
H
•
CUCOoPi3X^lCUXl*MT3OhtdIrops in the expansionucut-lwhich the pressu
CUCOOPi<*-iO-(-1ocummCUcurj£CU•4-*<d00•H•!->COCU^•HO+•>t-lCUTJhO5•|!HXldeparture from equilicuxl4->drop determines
CO3•1-1T5cdMCUCOOPi>>T3OXicdrepeated for0° wereCMn*
.
t-io2amline calculations fIH•>->CO>>T30X!CU•5CO3•F-lT3cdt-l
o-t->T3cuCOSPIcucuXlCO<dXlstreamlinefl\wxl-4->00Pio1— 1cdPio•I-IId•r-lt-lcdain the temperature v00<£i— iamoCO•mO
Lbrium
<
—
 i•i-iScrCUPiOPiCUfj+JTJPicdPi.2-i->si— ioCOlibrium•i-i3D 1CUCUxlHequilibrium effects.oPicharacterize the
00
.3> mpanyuOucdcuXJ-4->Pi• I-Irrtire compare<ro«SaCM(MOI— 1II^Of*T39'Zrmi — iamoCO•onsolutions for R^
Pi3ot-icdPiO• HCOPicdfrCUcufj•SPicuNOi-lM-CCO• H>.00PcuPicuCUt-locus• HI— 1h>»I by these results veri•ucu•>->ido• HT3• SCO<<•cuM300S
.3same :cu
xl+->•goX!n)CO• r-lequilibriume towardCOn<\vCUMCJ.s•+HocuId^cu•B•kPiosT3TJcdd£ethe smaller nose
mOtanceCO
3cd•!->y identical ai— ig virtual.3cuX>COcunstance, the temper atu3/i)terms of absolut<
COS• HOat^Mo4Jocu•I—
 J
cdt-i+-><«0cu00Picd^cu£fHOmr—
 1
cdO•I-I&•4->CUt-lcdCO+•>I—
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y lengths of interest.
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p. NONEQUILIBRIUM IN THE INVISCID FLOW FIEL
SURFACE HEATING RATES
(Fig. 18)
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LLOWING OFjBOUNDARY LAYER THICKNESSES, TRANSITION, AND SW^
THE ENTROPY LAYER
(Fig. 19)
applied to estimate boundary layer
rs, and the location- in the flow
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u
ayer, i. e. entropy layer
ansition criterion. For o*. - 20°,
: evaluated for conditions at the
istimated by using Cheng's two-
sonic approximations and to obtain
aurposes, it was assumed that the
=md the thickness estimates were
in. 10 The Spaulding-Chi theory
with errors of less than 10%,
dary layer thickness. The
on's relations, with an
Le at transition. Transition and
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eamline processed by the
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The results of the inviscid streamtube computations have beei
transition, the thicknesses of the laminar and turbulent boundary layi
field where the entropy layer will be fully consumed by the boundary
swallowing. Transition estimated were based on the NASA interim t
this criterion requires P& I 'M&fRe/£} 1%y 10 , where all parameters ar
boundary layer edge. The laminar boundary layer thicknesses were
dimensional local similarity solution, ° generalized to relax the hype]
a solution based on boundary layer edge conditions. For the present
boundary layer was fully turbulent immediately following transition,
based on the Spaulding-Chi theory9 and on procedures given by Johns
was approximated by a logarithmic law, F c C f ^ .Q39 \fa^ Re#~\~' /e
and this was applied in the usual momentum integral relation for bou:
exponent in the power law velocity profile was determined from John
effective starting length defined to yield an approximate Blasius prof
the boundary layer thicknesses were determined by using the various
the entropy layer for edge conditions, and by using an equilibrium st
oblique shock wave. The latter is often used in calculating boundary
<u^tpresent comparison provides a check on the accuracy of this procedu
three trajectory points considered
I, Fig. 19$aJ, the calculations show
inditions, but transition is strongly
-
u
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The results of these calculations are shown in Fig. 19 for the
here and for an angle of attack of 20°. At an altitude of 61 km (200kf
that the laminar boundary layer thickness is insensitive to the edge c florom the body surface. The transitiminfluenced. The streamlines are labeled according to their distance
librium body streamline or the
ions, the latter corresponds to an
sets in that portion of the flow field.
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U
location varies by a factor of 2 1/2, depending on whether the nonequ
equilibrium oblique shock streamline is used. For these flight condi
ideal gas streamline, and there are essentially no nonequilibrium efi
ows that the laminar boundary
entropy layer. The predominate
Lt differs from the equilibrium
si
 
.
The thickness of the entropy layer is indicated in the figure, and it a'.
layer and transition are governed by conditions in the nonequilibrium
nonequilibrium effect in this region is in the static temperature, and
tion length through the square of• i-4value by about 30%. This enters directly into the criterion for trans
the Mach number.
T3
ry layer thickens rapidly, and it is
as the flow. These boundary layer
imed in the boundary layer at a
ry layer development on the forwar
n)It can be seen in Fig. 19^) that following transition, the bound
C
 
r>
 
rt
thicker by a factor of 2 where the nonequilibrium entropy layer gove:
estimates indicate that the nonequilibrium entropy layer is fully cons
distance of about 20 nose radii from the leading edge, i.e. the bound
«n)<u£>»"flOfloMV>N«!i— i>>MR)Tl9O.Q<U4^Jhalf of the body is governed by the nonequilibrium entropy layer and
can be estimated using conditions based on the oblique shock wave.
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INVISCID-SUEFACE-STREAMLINE SOLUTION
(Figure 2)
e entropy and pressure distribution on the surface are known, ordinary differentialA3-pH
CO0K>HO-PO03«H.0•doCQ0•£&•dA3•sa0a•H0-PCQ0A3-pO'••d-0-p- 0o"CQg•H•PetSPia 10
and the equations of the surface geometry. In Phase I of the present development,COg•H-PoSu*0
n the vicinity -of the surface is assumed to have passed through a normal shock
lunt-body assumption). This is not a valid approach for space-shuttle applications at
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the boundary-layer edge. The results that will be presented in this paper are for a (-po3o-pS30
proach .acdH0CQ03_c~]PM
starting at the stagnation point, the streamline path, the scale factor H, and the^W1
fer rate are computed along, a selected streamline independent of other streamlines.COI-p"cd0A3
are then computed along other streamlines until an adequate surface heating distributionions-poCQ
•d0$3•HoS-pA3OCO•H
urface pressure distribution must be known to start the calculation and must be obtained
tly. Experimental pressures can be used, if they are available in sufficient detail.
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e methods such as .Newtonian theory appear to be the most promising source for surface
istributions at this time, but as more exact methods become available they can be used.
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preceding papers provide material from which to form a judgement regarding the status andcuH
eds of exact flow field calculations, as summarized in figure 1.cuc01S-l34-13
t methods are available to provide the starting data for the three-dimensional inviscid
ons used when the flow field is predominately supersonic. At the high altitudes where
CJ
 
-H
CO
 
4-1
X
 
CO
W
 
rH3CJrHCOCJ
ffects in the shock layer are important a two-dimensional method for generating startingCUCO3OCJCO•rl
vailable which has the promise of extension to three dimensions. Methods for calculatingCOCO•HCflcfl13
flows for realistic shuttle geometries at angles of attack where the flow is predominately
13•rlCJCO
•Hc^•H
curlCXCO
•rl
13rHCU
•rl
MHOrH4HCU4-1CUl-lcu43Ocfl4-14-1CO
MHOCOCUrH60•a•H434JCUrH43CflrH•rlCflCOCUrlcO0OCOO4-153CU•rlCJ•HCOCOrlCUCX3CO
y subsonic two-dimensional methods have been applied to calculate shuttle flow fields in
rHcu4-1cflc•rlao13
imate way. In each of the aforementioned inviscid flows, thin boundary-layer methods haveo^rlexexcfl£*ctf
ied with reasonable success, but extension to three dimensions should be undertaken.
rH
 
.
exexcflGCUCU43
e the present status indicates good progress toward the ultimate objective of calculatingrH•Hp»
ete flow over shuttle vehicles, much work remains. In particular, the need for a three-rH!<oaCU434J
al method applicable at high angles of attack is clear, as is the need for including theC3O
•HCO£3CU£3•H•o
ominated regions over the leeside of the vehicles. Furthermore, each of the methods needs*"O1CO3OoCO•H>
e real gas chemistry as part of its' development. To accomplish this work large storage,
•u3r-HCJa•rl04-1
rlOcflcfl
rHCX
4-11•sCMCT.rHm0rHrHCfl0)£3•H60•H4-1cflCUCXOCU4304-1AHOcfl•HrHrHI-HoCOCOl-l0)4-110o0)cuexCO4360•H43
ch machines should make possible economical calculations of complete flow fields on a3C/3•CUrH0rl
hedule for shuttle development.CJCO^rHCUG•H4J
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